Sporadic Burkitt lymphoma (sBL) can be delineated from diffuse large B-cell lymphoma (DLBCL) by a very homogeneous mRNA expression signature. However, it remained unclear whether all three BL variantsFsBL, endemic BL (eBL) and human immunodeficiency virus-associated BL (HIV-BL)F represent a uniform biological entity despite their differences in geographical occurrence, association with immunodeficiency and/or incidence of Epstein-Barr virus (EBV) infection. To address this issue, we generated micro RNA (miRNA) profiles from 18 eBL, 31 sBL and 15 HIV-BL cases. In addition, we analyzed the miRNA expression of 86 DLBCL to determine whether miRNA profiles recapitulate the molecular differences between BL and DLBCL evidenced by mRNA profiling. A signature of 38 miRNAs containing MYC regulated and nuclear factor-kB pathway-associated miRNAs was obtained that differentiated BL from DLBCL. The miRNA profiles of sBL and eBL displayed only six differentially expressed miRNAs, whereas HIV and EBV infection had no impact on the miRNA profile of BL. In conclusion, miRNA profiling confirms that BL and DLBCL represent distinct lymphoma categories and demonstrates that the three BL variants are representatives of the same biological entity with only marginal miRNA expression differences between eBL and sBL.
Introduction
Burkitt lymphoma (BL) is a mature aggressive B-cell neoplasm, which histologically presents with sheets of monomorphic medium-sized round tumor cells. They show an exceptionally large growth fraction commonly close to 100% and a high rate of apoptosis. The apoptotic cells are phagocytosed by macrophages with a light cytoplasm leading to the characteristic 'starry sky' pattern. 1 Owing to the consistent expression of CD10 and BCL6 and the mutational status of the immunoglobulin genes BL is regarded as a neoplastic outgrowth of germinal center (GC) B cells. [2] [3] [4] A further characteristic feature of BL is a translocation of the MYC gene to one of the immunoglobulin gene loci, predominantly the IGH locus, 5 resulting in constitutive MYC protein expression.
Based on epidemiological features BL is subdivided into three variants.
1 Endemic BL (eBL) occurs in humid areas of equatorial Africa and Papua New Guinea at a high frequency, affects mainly children and is Epstein-Barr virus (EBV) infected in nearly all instances. The most common sites of involvement are jaw and abdomen. In addition, malaria, arbovirus infection as well as plant tumor promoters are considered cofactors of lymphomagenesis. 6 In the rest of the world, BL is 100 to 200 times less frequent, having led to the term sporadic BL (sBL). sBL is predominantly found in patients with a higher age than eBL and only a minority of sBL (approximately 30%) is EBV infected. 1 The third variant, namely the human immunodeficiency virus-associated BL (HIV-BL) most commonly arises in HIV-infected patients where its occurrence is often one of the first signs of the HIV-induced disease. 1 Only few studies looked for molecular differences in the three BL variants. One distinction was found with respect to the t(8;14)(q24;q32). In eBL the MYC gene is translocated to the IGH joining region whereas in sBL the MYC gene is juxtaposed to the IGH MU SWITCH (S-MU) region. 7 Also the breakpoint region of the MYC gene differs between both variants and there is a higher incidence of mutations in the 5'-region of the MYC gene in eBL than in sBL. 7 Another study revealed a higher number of somatic mutations in the IG genes as well as a higher frequency of features attributed to antigen selection in eBL and HIV-BL compared with sBL. 8 These results lead to the hypothesis that the cell of origin of eBL and HIV-BL is more closely related to late GC B cells or post-GC memory B cells and that the cell of origin of sBL is more closely related to early centroblasts. 8 On the basis of the current WHO (World Health Organization) diagnostic criteria, BL cannot reliably be distinguished from other types of mature aggressive B-cell lymphoma, especially from diffuse large B-cell lymphoma (DLBCL) with MYC breaks. Therefore messenger RNA (mRNA) signatures of BL fulfilling all criteria of the WHO classification 2001 were established and used for the delineation of BL from DLBCL. 9, 10 It was found that (i) the morphological spectrum of BL is broader than previously assumed, ranging from typical BL morphology to centroblast-like DLBCL morphology, (ii) expression of CD10 and BCL6 in the absence or in combination with weak expression of BCL2 and a growth fraction 495% are consistent features of BL, (iii) a MYC break is not detectable in 11% of the cases assigned as molecular BL and (iv) there are intermediate cases with overlapping features between BL and DLBCL.
A promising tool to further explore the molecular features of BL is a recently discovered class of molecules, namely micro RNAs (miRNAs). MiRNAs are small non-coding, single-stranded RNA molecules that have been shown to bind to complementary sequences in the 3 0 -untranslated regions of their target mRNAs. 11, 12 This leads to inhibition of translation or the degradation of the coding mRNA and consequently to a reduced level of the corresponding protein. 13 By these means miRNAs influence important cellular processes like differentiation, 14 proliferation 15 and apoptosis, 16 which also applies to the cells of the hematopoietic lineage. [17] [18] [19] [20] Meanwhile deregulation of miRNA expression has been found in numerous types of cancer, including lymphoma. [21] [22] [23] [24] MiRNA expression profiling has also successfully been employed to distinguish tumor subgroups, for example, GCB-and non-GCB-type DLBCL. [24] [25] [26] To elucidate whether miRNA expression patterns can differentiate the three BL variants and distinguish these variants from DLBCL we generated miRNA profiles from biopsies of 18 eBL, 31 sBL, 15 HIV-BL and 86 DLBCL.
Patients and methods

Patient samples
Formalin-fixed and paraffin-embedded (FFPE) tumor specimens of 86 DLBCL and 36 BL patients were obtained from the Institute of Pathology, Campus Benjamin Franklin, Charité-Universitäts-medizin Berlin, Germany. Additional 28 BL FFPE cases were retrieved from the Department of Human Pathology and Oncology, University of Siena, Italy and the Department of Human Pathology, University of Nairobi, Kenya. The DLBCL samples have previously been reviewed by a panel of expert hematopathologists and their clinical data were published. 27 The diagnosis of BL cases was confirmed by histopathology review according to the WHO classification criteria.
DNA isolation
Genomic DNA was isolated from FFPE sections by the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's protocols. Quantity and purity of the DNA was assessed by photometric measurement (Nanodrop ND-1000, Thermo Scientific, Schwerte, Germany).
RNA isolation
Total RNA was isolated from FFPE tissue sections with the RecoverALL Kit (Ambion, Austin, TX, USA) according to the manufacturer's recommendations and quantified using the Nanodrop ND-1000 UV-vis spectrophotometer (Thermo Scientific).
PCR for detection of HIV infection
A fragment of the HIV-1 DNA was amplified by nested PCR using the lentivirus universal primer pair UNIPOL1/2 as outer primers (25 cycles) and the degenerate primers UNIPOL3 (5 0 -GAAACAGGAMRRGAGACAGC-3 0 ) and UNIPOL4 (5 0 -TTCA TDGMTTCCACTACTCCTTG-3 0 ) as inner primers (30 cycles). 28 This nested primer set, when used at low-stringency annealing, specifically amplifies all HIV-1, HIV-2 and HIV-0 pol sequences known to date. PCR products were visualized on agarose gels and the specificity of the products was confirmed by direct sequencing. 
Tissue microarrays
Analysis of MYC protein expression levels
To account for the proportion of MYC-positive tumor cells as well as the intensity of the staining we applied the semiquantitative immunoreactivity score (IRS) as described by Noske et al. 29 Briefly, the percentage of stained tumor cells (score 0-4) was multiplied with the staining intensity (score 0-3) to give the IRS of each case (score 0-12). The statistical difference of the expression level between BL and DLBCL was then evaluated by t-test.
Fluorescence in situ hybridization
Interphase fluorescence in situ hybridization was performed on FFPE tissues as described previously. 9, 30 Assays comprised LSI MYC break-apart and LSI MYC/IGH double-color double-fusion assays (all from Abbott/Vysis, Champaign, IL, USA). BLs with a LSI MYC signal pattern indicating a breakpoint in the MYC locus but lacking IGH-MYC fusion were further investigated with probes for the detection of IGK-MYC and IGL-MYC fusions. 9, 30 EBER in situ hybridization Chromogenic EBER in situ hybridization for the detection of the EBER transcripts of the EBV was carried out with DIG-labeled sense and antisense run-off transcripts (DIG RNA Labeling Kit, Roche Diagnostics, Mannheim, Germany) as described before. 31 After application of a DIG-specific antibody labeled with Alkaline Phosphatase (Roche Diagnostics), bound probes were visualized by REAL Detection System, Alkaline Phosphatase/RED (Dako).
MiRNA microarray hybridization
Sample preparation for and hybridization to miRNA microarrays was performed as described before. 32 Briefly, 5 mg of total RNA were reverse transcribed using Biotin-labeled random octamers. The labeled targets were then hybridized to Ohio State University custom miRNA microarray chips, which contain probes for 602 human miRNAs spotted in duplicate. The hybridized chips were washed, stained with streptavidinAlexa647 conjugate (Invitrogen, Carlsbad, CA, USA) and the fluorescence intensity was assessed with an Axon GenePix 4000B microarray scanner (Molecular Devices, Sunnyvale, CA, USA).
MiRNA microarray data analysis
Microarray images were analyzed using GenePix Pro 6.0 software (Molecular Devices). Average values of the replicate spots of each miRNA were background subtracted, thresholded to 75 and normalized using the quantiles method as implemented in the Bioconductor package/function Affymetrix/ normalization. 33 MiRNAs showing low expression variation among all samples were excluded from further analysis. Statistical analysis including correction for multiple testing (analysis of variance, false discovery rate (q-value) cut-off 0.05) and hierarchical clustering (Euclidean distance, complete linkage, standardized intensities by mean) were performed using Partek Genomics Suite 6.5 beta (Partek Inc., St Louis, MO, USA).
The microarray data have been deposited at the National Center for Biotechnology Information Gene Expression Omnibus repository (GSE22420, http://www.ncbi.nlm.nih.gov/ geo/query/acc.cgi?token ¼ fxalnmququoicle&acc ¼ GSE22420).
Real-time reverse transcriptase (RT)-PCR
Eleven miRNAs (hsa-miRs-9, -23a, -23b, -26a, -29b, -30d, -146a, -146b-5p, -155, -221 and -222) were selected from our BL/DLBCL microarray signature for real-time RT-PCR validation. TaqMan assays for these miRNAs and for small nuclear RNAs (RNUs) 43, 44 and 48, serving as endogenous controls, were plated onto custom 96-well fast plates (Applied Biosystems, Darmstadt, Germany). RT-reactions of 22 BL and 31 DLBCL samples for which RNA was still available were carried out with 20 ng of RNA, respectively, and a primer pool consisting of the stem loop primers for all miRNAs and RNUs. Undiluted RTreaction of each case was then combined with TaqMan Universal Master Mix II, no UNG (Applied Biosystems), pipetted to the respective wells of the assay plate and amplified (7900HT Fast Real-Time PCR System, Applied Biosystems). Baseline and thresholds were analyzed using RQ Manager 1.2.1 (Applied Biosystems). Exported result files were then loaded into Data Assist Software v2.0 (Applied Biosystems) for statistical analysis. On the basis of the implemented geNorm algorithm, RNU48 showed the most stable expression (mean expression levels: group BL: 24.8 Ct, SD 1.33; group DLBCL 24.4 Ct, SD 1.2) and was thus used as endogenous control for the calculation of 2^-dCt values. A t-test was then performed to compare the expression of each miRNA in the analyzed group of BL and DLBCL cases, respectively.
Results
Classification of BL and DLBCL samples
On the basis of their geographical origin, 31 BL samples were designated as sBL and 18 samples as eBL. Fifteen BL cases were diagnosed as HIV-BL. Of the 18 eBL, 14 cases were EBVpositive (87.5%), 2 samples were EBV-negative (12.5%) and for 2 eBL cases the EBV status was not evaluable. Of the sBL samples 26 were EBV-negative (86.7%), 4 cases were EBVpositive (13.3%) and for 1 case the EBV status was not evaluable. Among the HIV-BL 5 (33.3%) were EBV-positive, whereas 10 (66.7%) were EBV-negative. Fluorescence in situ hybridization analysis detected a MYC translocation in almost all BL (92.6%), whereas this was only the case for 6% of DLBCL. The subtyping of the DLBCL based on the immunohistochemical classifier by Hans et al. 34 revealed that 48.8% had a GCB and 45.4% had a non-GCB phenotype. An overview of all patient characteristics is given in Table 1 . ). This includes also MYC-break negative BLs, which had a low MYC-IRS (7.0) indistinguishable from MYC-break negative DLBCL cases (IRS of 7.1).
Unsupervised data analysis
By unsupervised cluster analysis employing all 150 lymphoma cases a clear distinction of BL and DLBCL was possible, however, without subdivision into the BL subgroups (Supplementary Figure 1 ). In contrast, within the DLBCL cases a heterogeneous miRNA expression pattern was present supporting their molecular heterogeneity as previously demonstrated. As unsupervised approaches are unable to identify subtle molecular differences we next performed statistical analyses to clarify if miRNAs are able to separate the three BL subgroups.
MiRNA expression differences between BL and DLBCL
Statistical analysis revealed a differential expression of 38 mature miRNAs (false discovery rate (q-value) cut-off 0.05) between BL and DLBCL cases ( Table 2 ). In all, 17 miRNAs were downregulated in BL compared with DLBCL and 21 miRNAs showed a higher expression in BL than in DLBCL. Six of the miRNAs differentially expressed between BL and DLBCL (hsamiRs-9, -221, -222, -146a, -146b and -155) have been shown to be associated with the transcription factor nuclear factor (NF)-kB system. [24] [25] [26] [35] [36] [37] In addition, for several miRNAs expressed at lower level in BL than in DLBCL in our data set (hsa-miRs-23a, -23b, -26a, -29b, -30d and -146a) a repression by the MYC protein has been demonstrated. [38] [39] [40] Of the MYC upregulated miRNAs, 41,42 the miR-17-92 cluster showed, however, no differential expression between BL and DLBCL, whereas hsamiR-9 was higher expressed in the BL cases than in the DLBCL cases. Finally, miR-328, which targets CD44 43 commonly downregulated in BL, 9, 10 was also found to be higher expressed in the BL cases than in DLBCL cases.
Validation of miRNAs differentially expressed between BL and DLBCL by real-time RT-PCR
In all, 11 miRNAs were chosen from the 38 miRNA signature differentiating between BL and DLBCL based on our microarray data for validation employing 22 BL and 31 DLBCL cases. As the results for hsa-miR-222 demonstrated reproducible signals in the no template control assay, this miRNA was omitted from further analysis. Thus, 10 miRNAs were used for the statistical calculations. The t-test confirmed that the eight hsa-miRs-23a, -26a, -29b, -30d, -146a, -146b-5p, -155 and -221 are statistically significantly higher expressed in DLBCL than in BL samples (Table 4) . For hsa-miR-23b also an increased expression in DLBCL was calculated in consistency with the array data but statistical significance was not reached (P-value 0.07). The differential expression of hsa-miR-9 could not be confirmed by means of real-time RT-PCR.
Hierarchical clustering of BL and DLBCL samples
On the basis of the 38 miRNAs differentially expressed between BL and DLBCL, a hierarchical cluster analysis was performed (Figure 1 ). This revealed that the group of miRNA-defined BLs showed a homogeneous expression pattern with respect to the 38 miRNAs. Interestingly, two DLBCL cases also clustered within this group. MiRNA-defined DLBCLs (miR-DLBCL) were also homogeneous in their miRNA expression for the majority of cases. However, a group of 23 miR-DLBCL cases displayed overlapping miRNA expression features of miR-DLBCL and miRNA-defined BL. Four histological BL cases, all EBV-negative sBL, fell within this sub-cluster. Two of these BL cases showed a translocation of the MYC gene, whereas the other two were negative in this respect. The DLBCL cases present in this subgroup displayed no common characteristic regarding the MYC translocation or the GCB and non-GCB phenotype based on the immunohistochemical classifier developed by Hans et al. 34 Furthermore, they could not be delineated from the remaining DLBCL by these means.
Differential miRNA expression patterns within the BL variants
Analysis of variance (false discovery rate (q-value) cut-off 0.05) was applied to detect differences in the miRNA expression between the three BL variants, that is, eBL, sBL and HIV-BL. There were either no or only minor miRNA expression differences between the BL variants. Merely six miRNAs showed marginal expression differences between eBL and sBL ( Table 3) . One of the differentially expressed miRNAs (miR-10b) is embedded in a HOX gene cluster 44 and targets HOXD10. 45 There were no statistically significant miRNA expression differences between the HIV-negative and the HIV-positive BL cases.
Comparison of miRNA expression in EBV-positive and -negative BL
There were no miRNA expression differences between EBV-positive and EBV-negative BL cases.
Discussion
Molecular profiling of neoplasms is gaining increasing significance for the definition and characterization of established tumor entities and for the identification of new biological disease groups or subgroups. One of the first highlights in this respect was the identification of GCB-and ABC-like subgroups within the DLBCL by expression profiling of mRNAs. These subgroups were not recognizable by standard diagnostic methods. 46, 47 In addition, by combining mRNA expression profiling and genetic analyses a biologic definition of BL was established that revealed a broader morphological spectrum, a consistent immunophenotype and lack of a MYC break in approximately 11% of the cases. Furthermore, cases with intermediate features between BL and DLBCL were identified.
1,9,10
More recently miRNA genes were introduced into array expression profiling and this method was also efficiently employed to characterize and classify different types of cancer. 21, 22, 26, 48 For the classification of poorly differentiated tumors, it was even more informative than mRNA profiling. 49 Furthermore, miRNA profiling can be applied to highly degraded RNA derived from FFPE tissue specimens because of the short length of the target molecules.
We have therefore used miRNA profiling to gain further insights into the molecular pathology of BL with respect to its miR-BL miR-DLBCL hsa-miR-142-5p hsa-miR-146b-5p hsa-miR-146a hsa-miR-221 hsa-miR-155 hsa-miR-222 hsa-miR-29b hsa-miR-342-3p hsa-miR-23a hsa-miR-103 hsa-miR-107 hsa-miR-26a hsa-miR-26b hsa-miR-30a hsa-miR-30d hsa-miR-23b hsa-miR-371-5p hsa-miR-485-3p hsa-miR-429 hsa-miR-326 hsa-miR-497 hsa-miR-483-3p hsa-miR-339-5p hsa-miR-328 hsa-miR-93* hsa-miR-202* hsa-miR-105* hsa-miR-324-5p hsa-miR-193a-5p hsa-miR-340 2 0 -2 hsa-miR-192 hsa-miR-124* hsa-miR-448 hsa-miR-185 hsa-miR-26b* hsa-miR-26a-1* hsa-miR-9 Figure 1 Hierarchical clustering of all samples based on the 38 miRNAs differentially expressed between BL and DLBCL. MiRNA-defined BL denotes the miRNA-defined group of BL cases, miR-DLBCL the group of miR-DLBCL cases. The hatched portion of the miR-DLBCL bar indicates the cases with intermediate miRNA expression features. MYC translocation: results from fluorescence in situ hybridization analysis (NA, not evaluable because of low tissue quality; negative, no translocation detectable with the probes described in the method section; positive, MYC translocation to either of the IG loci detectable). Diagnosis: according to the WHO criteria as described in the Patients and methods section. Table 3 Differentially expressed miRNAs between eBL and sBL BL based on ANOVA analysis (FDR (q-value) o0.05)
MiRNA name
Fold change eBL/sBL Description distinction from DLBCL and with respect to the differences between its epidemiological variants (eBL, sBL and HIV-BL).
In addition, the impact of EBV infection on miRNA expression in BL was addressed by comparing EBV-positive and -negative cases. Unsupervised analysis by clustering the miRNA profiles of all cases revealed a clear distinction of BL from DLBCL cases but no further subdivision of BL cases was identifiable. In order to elucidate which miRNAs are responsible for the distinction between BL and DLBCL, the miRNA profiles of 64 BL were compared with those of 86 DLBCL samples by analysis of variance. Thirty-eight miRNAs were found to be differentially expressed between the two lymphoma types (Table 2) . Of the miRNAs downregulated in the BL cases, miR-155, has previously been reported to be lower expressed in BL than in DLBCL, 50, 51 which is in keeping with our results.
Validation of our microarray data was performed by real-time RT-PCR analysis with 11 of the 38 miRNAs that differentiates BL and DLBCL using about one third of the cases (22 BL and 31 DLBCL). These 11 miRNAs (hsa-miRs-9, -23a, -23b, -26a, -29b, -30d, -146a, -146b-5p, -155, -221 and -222) were chosen because of their involvement in MYC or NF-kB signalling and their accordant importance for the biology of BL and DLBCL. Hsa-miR-222 showed reproducible signals in the no template control assay, thus the results of 10 miRNAs were eligible for statistical analysis. With the exception of hsa-miR-9, which displayed an inconsistent expression pattern among the BL and DLBCL cases analyzed, all other miRNAs examined by real-time RT-PCR were able to confirm the microarray data (Table 4) .
MiR-155 and four further miRNAs (hsa-miRs-221, -222, -146a and -146b), which we found to be downregulated in our BL cases have also been shown to be lower expressed in the GCB-DLBCL subgroup when compared with the non-GCB-DLBCL subgroup. [24] [25] [26] The GCB-DLBCL subgroup is known to differ from the non-GCB-DLBCL subgroup by a decreased activity of the NF-kB system, which is also a hallmark of BL. 9, 10, 47 Interestingly, the expression of three of the miRNAs downregulated in BL (hsa-miRs-146a, -146b and -155) is induced via the NF-kB signalling. 36, 37 These findings point toward the NF-kB system as a major distinctive pathogenetic pathway between BL and DLBCL, including the GCB-DLBCL subgroup. Thus, our observations at the miRNA level are in agreement with the molecular definition of BL based on gene expression studies. 9, 10 The 38-miRNA signature seems also to be shaped by the influence of MYC. MYC is commonly upregulated in BL because of its chromosomal translocation to one of the immunoglobulin gene loci and is considered a key player of BL pathogenesis. 52 It was shown that MYC is able to reduce as well as to induce the expression of miRNAs at a large scale. 38, 39, 41, 42 Six of the miRNAs, which have been identified to be repressed by MYC (hsa-miRs-23a, -23b, -26a, -29b, -30d and -146a) also show reduced levels in our BL cases. MiRNAs described to be transcriptionally activated by MYC in in vitro systems are the miR-17-92 cluster and hsa-miR-9. MiR-17-92 cluster is not part of the 38-miRNA signature that differentiates BL and DLBCL and differential expression of hsa-miR-9 could not be confirmed by real-time RT-PCR. The inability to identify miRNAs known to be activated by MYC can most likely be explained by the fact that a substantial number of DLBCL cases is also associated with elevated MYC protein expression and, potentially, with higher activity of MYC. Furthermore, it was shown that high expression levels of the miR-17-92 cluster are associated with amplification of the corresponding genomic locus. 53, 54 In fact it was demonstrated that 12.5% of GCB-like DLBCL harbor an amplification of C13orf25, the locus that encodes the miR-17-92 cluster. 55 DLBCL may also feature alterations of the MYC locus like amplifications or translocations, which was true for four cases of our DLBCL series. These and other possibly MYCindependent mechanisms might be responsible for the activation of the miR-17-92 cluster in DLBCL cases and might thereby explain why the miR-17-92 cluster was not detected as differentially expressed between BL and DLBCL.
By comparing a small series of six high MYC-expressing BL samples with a variety of other, mostly MYC low expressing B-cell non-Hodgkin lymphomas (mantle cell lymphoma, follicular lymphoma and chronic lymphocytic leukemia) Robertus et al. 54 identified a MYC-induced miRNA profile for BL. Several of these MYC-associated miRNAs are also found in our BL signature (hsa-miRs-23a, -23b, -26a, -29b and -146a). However, since in our study BL was differentiated from DLBCL that, like BL, express MYC at quite high levels in about 1 4 of cases, the influence of MYC in our BL defining miRNA signature is much less evident. Instead other deregulated gene systems like NF-kB also have a role.
Clustering of all DLBCL and BL cases showed that the 38-miRNA signature is able to separate BL from DLBCL with only few exceptions (Figure 1 ). In addition, a sub-population of cases within the miR-DLBCL cluster exhibits an expression pattern of the 38 miRNAs with overlapping features between the miR-DLBCL and the miRNA-defined BL group, thus challenging their unequivocal definition as miR-DLBCL. Interestingly, four BL cases were grouped into this miR-DLBCL subgroup. Thus, this subgroup of cases is reminiscent of the cases intermediate between BL and DLBCL as detected by mRNA expression profiling. 9 In respect to the BL variants, the results derived from the supervised statistical approach argue for only minor molecular differences as (i) only six miRNAs were found to be differentially expressed between eBL and sBL (Table 3) and (ii) their fold changes were much lower as compared with DLBCL and BL. Neither HIV nor EBV infection displayed a significant impact on the miRNA profile in our analysis. Although EBV infection occurs in the BL tumor cells, the restriction to a latency 1 infection pattern might prevent a significant modification of the miRNA profile. However, we cannot completely exclude that latency 1 EBV infection in BL might interfere with some coding mRNAs. Our miRNA-based findings were most recently supported by a parallel study of Piccaluga et al. 56 in which the coding mRNA expression profiling also demonstrated a broad similarity between the epidemiologic BL subtypes.
In summary, our analysis reveals that BL differs from DLBCL by a strong and characteristic miRNA signature that is enriched in miRNAs targeted by MYC and in NF-kB pathway-associated miRNAs. In contrast, the small differences in the miRNA transcriptome between sBL and eBL and the absence of differences between the former and HIV-BL underscore the view that the three BL variants are not distinctive subtypes but closely related representatives of the same biological entity.
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